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The adsorption behaviour of hazardous gas molecules, namely nitrogen dioxide (NO2) and ammonia (NH3),on phosphorene nanosheet (PNS) was explored by means of ab initio technique. To improve the structural
solidity of pristine PNS, we have introduced the passivation of hydrogen and fluorine at the terminated edge.
The structural solidity of both hydrogen and fluorine passivated PNS is verified in terms of formation energy.
The main objective of this research work is to probe NO2 and NH3 gases using PNS as a base sensing material.The adsorption of various preferential adsorption sites of these gas molecules is studied in accordance with
the average HOMO-LUMO gap changes, natural-bond-orbital (NBO) charge transfer, HOMO-LUMO gap, and
adsorption energy. Notably, the negative value of adsorption energy is found upon the adsorption of NO2 andNH3 on PNS and it is in the range of −1.36 to −2.45 eV. The findings of the present research work recommendthat the hydrogenated and fluorinated PNS can be effectively used as a chemical sensor against NO2 and NH3molecules.
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1. Introduction
Detection of toxic gas molecules is the most important and required criterion especially regarding in-
dustrial chemical processing, preparation of drugs, public safety, agriculture, environmental monitoring,
and indoor air quality control. A few decades ago, metal oxide semiconductors (MOS) played a crucial
role in industrial process control and environmental monitoring [1]. MOS is the most extensively used gas
sensing material owing to its fast redox reaction mechanism, low cost, high sensitivity towards different
hazardous gases, simplicity in measurements with low power consumption and high compatibility [2–4].
Long recovery periods, low specificity of MOS-based gas sensors limit the sensitivity and measurement
accuracy [5]. However, these drawbacks in MOS-based gas sensors are overcome with new sensor tech-
nology, which utilizes nanowire, nanotube, and two-dimensional nanosheets. Recently, two-dimensional
(2D) nanosheets built with a few or a single atomic layer, such as metal dichalcogenides (for instance,
MoS2 and MoSe2) and graphene-based nanomaterials, represent a promising class of materials and at-
tract considerable interest owing to its physicochemical properties and unique structures [6–9], which are
related to abundant active sites and large surface areas. These properties provide 2D nanosheets with ex-
citing scenarios for various applications in sensors, electronic devices, energy conversion/storage devices
and catalysis [10–12]. Moreover, the previous reports on these types of materials have inspired chemists,
physicists, and engineers to further investigate novel two-dimensional nanosheets such as oxides [13],
carbides [14], nitrides [15] and phosphates [16].
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Black phosphorus (BP)material is one of the stable allotropes of phosphorus inwhich the atomic layers
are organized through van der Waals (vdW) interactions. Furthermore, the geometry of BP is the same
as graphite; the elemental substance of black phosphorus can be exfoliated into an ultrathin nanosheet.
Even though phosphorus belongs to group V element, bulk BP material is a p-type semiconductor with
the energy band gap of 0.3 eV [17–19]. Recently, many researchers have reported that the energy gap
of the bulk form of BP can be modified from 0.3 eV to 2.0 eV, for monolayer BP. The properties of BP
mainly depend on the number of layers under 2D limit [17, 18].
Phosphorene has attracted great interest among the scientific community owing to its exciting proper-
ties, which can be synthesized by sticky-tape technique [18, 19]. It exhibits (1) natural surface passivation
excluding any dangling bond; (2) quantum confinement; (3) strong interaction with light; (4) no lattice
mismatch issues and (5) high surface area [20–22]. These properties are suitable for the application
of photocatalysis. Moreover, phosphorene shows anisotropic properties, and tunable bandgap leads to
high mobility quantum transport, batteries, gas storage, and infrared optoelectronics applications [23].
In recent times, Kaloni et al. [24] have reported the dissociation of water molecules in nanoseconds
using group IV monochalcogenides. Kou et al. [25] investigated the interaction behaviour of various
gases on a single layer phosphorene with its I − V characteristics. Lalitha et al. [26] reported calcium
doped and calcium decorated phosphorene as the base material for adsorption of CO2, CH4, H2, and
NH3 molecules. Ray et al. [27] explored the gas sensing characteristics of 2D single crystals such as
phosphorene, graphene, and MoS2. Cui et al. [28] studied the layer-based sensing performance and
sensitivity of NO2 gas sensor on phosphorene. Anurag Srivastava and co-workers [29] proposed the
electron transport properties and sensitivity of NO2 and NH3 gas molecule on black phosphorene along
with I − V characteristics and electronic properties. We demonstrated the interaction behaviour of NO2
molecules on armchair PNS molecular system for chemical sensor application using density functional
theory (DFT) studies [30]. Based on these aspects, we conducted the literature survey with the support of
the SCOPUS database. After conducting the literature survey, we realized that there are limited reports
with reference to the DFT technique to explore the interaction properties of NO2 and NH3 gas molecules
on two-dimensional H-PNS and F-PNS. The inspiration behind the suggested work is to explore NO2
and NH3 interaction properties on H-PNS and F-PNS and to identify the most suitable interaction site. In
the present research work, passivated hydrogen and fluorine PNS have been utilized as a base substrate
for probing the NO2 and NH3 molecules.
2. Quantum chemical calculations
The hydrogenated and fluorinated PNS are relaxed and simulated in accordance with Gaussian 09
package [31]. The interaction of NO2 and NH3 gas molecules on PNS is also examined through this
package. In this work, hybrid Becke’s three (B3) and correlation functional Lee-Yang-Parr (LYP) with
6-31g(d) basis set is applied [32–34]. To investigate the interaction behaviour of NO2 and NH3 gas
molecules on PNS, the selection of prominent and suitable basis set is one of the important measures.
Anurag Srivastava et al. [29] proposed the interaction behaviour of phosphorene using B3LYP functional
with 6-31g(d) basis set. Further, to make a calculation more precise, we included B3LYP-D3, a hybrid
GGA functional [35]. In addition to B3LYP-D3 functional, two more functionals namely, PBE0-D3
and B97-D3 are included in the latest Grimme’s dispersion term — D3 version (available in Gaussian
09) [36]. Using the dispersion-corrected DFT [37, 38], we calculated the adsorption energy of PNS
upon interaction of NO2 and NH3 molecules. Hydrogen and fluorine termination is carried out to
eliminate the edge effect. Moreover, B3LYP-D3/6-31g(d) provides good results for H-PNS and F-PNS
with pseudopotential approximation. The choice of the basis set for phosphorene is also validated with
the published work of Anurag Srivastava et al. [29]. Using Gauss Sum 3.0 utility, we have calculated
the DOS-spectrum, lowest unoccupied (LU-) and highest occupied (HO-) molecular orbital of PNS [39].
The energy convergence for H-PNS and F-PNS is observed in the range of 10−5 eV while investigating
the interaction properties of NO2 and NH3 on PNS.
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3. Results and discussion
3.1. Geometric structural details of phosphorene nanosheet
The prime motivation of the proposed work is to investigate the formation energy, dipole moment,
HOMO-LUMO gap and interaction behaviour of NO2 and NH3 on H-PNS and F-PNS. Figures 1
and 2 refer to H-PNS and F-PNS material, respectively, which is suitable for gas/solid interaction in
nanostructures. The lattice constant of black phosphorene is obtained to be a = 4.41 Å and b = 3.27 Å,
which is authenticated with the published work [40]. The H-PNS has forty-two P-atoms, and eighteen
H-atoms are passivated on PNS in order to eliminate dangling-bonds. Similarly, eighteen fluorine atoms
are passivated with PNS in fluorinated PNS. Furthermore, the termination of PNS with hydrogen and
fluorine also influences the interaction behaviour of NO2 and NH3 on PNS material.
3.2. Electronic properties and geometric stability of phosphorene nanosheets
The geometric stability of H-PNS and F-PNS was investigated with regard to the formation energy
(Eform) as shown in equation (3.1) and (3.2),
Eform =
1
n
[E(H-PNS) − xE(P) − yE(H)], (3.1)
Eform =
1
n
[E(F-PNS) − xE(P) − yE(F)], (3.2)
 
Figure 1. (Colour online) Hydrogenated phosphorene nanosheet.
 
Figure 2. (Colour online) Fluorinated phosphorene nanosheet.
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Table 1. Dipole moment (DM), formation energy (Eform), and point group (PG) of phosphorene
nanosheets.
Nanostructures
Eform DM PG
(eV) (debye)
Hydrogenated phosphorene −3.16 0 C2H
Fluorinated phosphorene −3.21 0 C2H
where E(H-PNS) and E(F-PNS) represents the overall energy ofH-PNS and F-PNSmaterial, respectively.
E(P) refers to the energy of single P atoms, E(H) and E(F) illustrates the corresponding isolated energy
of H and F atom. n denotes the overall atoms including hydrogen or fluorine and phosphorus in PNS
base material. Further, x and y refers to the total number of P-atoms and terminated atoms (namely H
or F), respectively. The point group (PG), dipole moment (DM) and formation energy of H-PNS and
F-PNS are given in table 1. The Eform of H-PNS and F-PNS are noticed to be −3.16 and −3.21 eV,
respectively. Clearly, the geometric stability of phosphorene base material slightly improves with the
passivation of fluorine atoms. The DP delivers the perception of the dispersal of charges along PNS
material. The hydrogenated as well as fluorinated PNS have DM value of zero. It is inferred that the even
charge distribution in phosphorene material is perceived on both hydrogenated and fluorinated PNS. C2H
point group is obtained on both H-PNS and F-PNS base material, which exhibits horizontal reflection
plane symmetry.
The electronic characteristics of H-PNS and F-PNS are inspected in terms of LUMO and HOMO
levels [41, 42]. The HOMO-LUMO gap of H-PNS and F-PNS are found to be 2.64 and 2.58 eV,
respectively. Boukhvalov et al. [43] reported the stability and chemical modification of phosphorene with
the influence of fluorine and hydrogen. They calculated the energy gap value for two different structural
configurations of fully hydrogenated PNS, which is noticed to be 2.29 eV and 2.64 eV, respectively.
Besides, for fluorinated PNS, the reported band gap values are 2.27 and 1.82 eV. The experimental band
gap value for bulk black phosphorus is 0.35 eV, whilst for single layer phosphorene, it is found to be
around 2.0 eV [44–47]. Moreover, the band gap of PNS in the present work is also observed in this
range, which is consistent with the previously reported experimental and theoretical work. In addition,
the HOMO-LUMO gap variation arose owing to the orbital coincidence of H and F with P atoms in PNS
material. The localized electronic states of PNS influence the DOS spectrum in various energy intervals
through PNS. The pictorial representation of the HOMO-LUMO gap with HOMO and LUMO levels and
 
Figure 3. (Colour online) HOMO-LUMO visualization and density of states of hydrogenated PNS.
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Figure 4. (Colour online) HOMO-LUMO visualization and density of states of fluorinated PNS.
DOS spectrum of hydrogenated and fluorinated PNS are shown in figure 3 and 4. In all the cases, peak
maxima (Pmax) are observed to be high in LUMO level, which is the most required condition for the
interaction of hazardous gases. This is because in this condition, the electrons can freely transit between
NO2 or NH3 gas molecules and PNSmaterial. The Pmax appears owing to the orbital intersection between
P-atoms and H or F-atoms in PNS along different energy intervals.
3.3. Interaction behaviour of NO2 and NH3 on PNS
At the beginning stage, to study theNO2 andNH3 interaction behaviour on phosphorene basematerial,
NO2, and NH3 molecules should be studied in the gas-phase. The optimized bond distance between the
P-atoms in PNS is found to be 2.22 Å. The calculated bond length between the N-H in NH3 and N-O
in NO2 is 1.00 Å and 1.36 Å, respectively. Figures 5, 6 and 7, 8 represent the adsorption of NH3 and
NO2 gases on various sites of H-PNS, respectively. In that order, figures 9, 10 and 11, 12 refer to the
adsorption of NH3 and NO2 gases on different sites of fluorinated PNS.
The interaction of nitrogen and hydrogen atom in NH3 molecules interacted on phosphorus atom in H-
PNS is referred to as orientations A and B, respectively. Orientations C and D represent the interaction of
N and O-atom in NO2 gas interacting on phosphorus atom in hydrogenated PNS, respectively. Similarly,
orientations E–H refer to the interaction of NH3 and NO2 molecules adsorbed on phosphorus atom in
fluorinated PNS.
The corresponding adsorption energy (Ead) H-PNS and F-PNS upon the interaction of NH3 and NO2
 
Figure 5. (Colour online) NH3 interacted on H-PNS — orientation ‘A’.
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Figure 6. (Colour online) NH3 interacted on H-PNS — orientation ‘B’.
 
Figure 7. (Colour online) NO2 interacted on H-PNS — orientation ‘C’.
 
Figure 8. (Colour online) NO2 interacted on H-PNS — orientation ‘D’.
gases can be determined using equations (3.3) and (3.4)
Ead = E(PNS/NH3) − E(PNS) − E(NH3) + E(BSSE), (3.3)
Ead = E(PNS/NO2) − E(PNS) − E(NO2) + E(BSSE), (3.4)
where E(PNS/NH3) and E(PNS/NO2) represent the energy of PNS/NH3 and PNS/NO2 complex, respec-
tively. The isolated energies of PNS are stated as E(PNS). E(NH3) and E(NO2) signify the respective
isolated energy of NH3 and NO2 toxic gas molecules. The basis-set-superposition-error (BSSE) [48] has
been calculated by the counterpoise method to neglect the overlap effects on the basis sets. When NH3
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Figure 9. (Colour online) NH3 interacted on F-PNS — orientation ‘E’.
 
Figure 10. (Colour online) NH3 interacted on F-PNS — orientation ‘F’.
 
Figure 11. (Colour online) NO2 interacted on F-PNS — orientation ‘G’.
or NO2 target gas molecules interacted on PNS material, the negative scale of Ead was obtained which
infers a strong interaction of NH3/NO2 on PNS. Importantly, the aforementioned adsorption site from A
to H shows the negative scale of adsorption energy, which confirms that the NO2 and NH3 molecules
strongly interact on PNS. The calculated Ead of hydrogenated PNS for orientations A–D is noticed to
be −2.18, −2.18, −1.36 and −1.9 eV, respectively. The Ead of F-PNS material for the interaction sites
E–H is found to be −2.18, −2.45, −1.63 and −2.18 eV, respectively. Moreover, only a small variation is
noticed in Ead for all aforementioned interactions sites with the inclusion of Grimme dispersion correction
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Figure 12. (Colour online) NO2 interacted on F-PNS — orientation ‘H’.
(D-DFT). Furthermore, the energy gap of PNS material contracts owing to the interaction of NO2 and
NH3 molecules on both H-PNS and F-PNS due to the influence of electronic configuration of these two
gas molecules on passivated hydrogen and fluorine PNS [49]. Thus, the conductivity of PNS increases.
The variation in conductivity of H-PNS and F-PNS confirms that the electrons are relocated between the
PNS material and toxic gas molecules giving rise to an enhanced conductivity. Using a simple two-probe
method, the changes in the current can be analyzed across PNS, and it is directly related to the amount of
NO2 and NH3 gas molecules in the air. In this work, the deviation in the HOMO-LUMO gap of PNS for
the interaction sites A to H is noticed to be 1.4, 2.56, 2.22, 2.46, 1.32, 2.45, 2.2 and 2.35 eV, respectively.
Further, the HOMO-LUMO gap variation and adsorption energy reveal that PNS can be utilized for the
probing of NO2 and NH3 gas molecules. Cai group [50] studied the adsorption characteristics of a variety
of gas molecules. The authors report that the gas molecules are physisorbed on PNS. Kou et al. [25] also
confirmed the adsorption properties of different gases on a single layer phosphorene. The authors further
concluded that the single layer phosphorene is a promisingmaterial for probing toxic gas molecules. From
the literature survey, we observed that very limited works were reported on hydrogenated and fluorinated
PNS as NO2 and NH3 gas sensors. Moreover, the most suitable interaction site of NO2 and NH3 gas
molecules on PNSmaterial can be observed only after studying the percentage of average HOMO-LUMO
gap changes related to its pristine PNS. Table 2 represents the HOMO-LUMO gap, percentage of average
HOMO-LUMO gap changes, NBO charge transfer and adsorption energy. Furthermore, it is revealed that
the most suitable interaction sites for NH3 gases on PNS are A and E. Nevertheless, the most suitable
interaction sites for NO2 gas on PNS material are C and G. The interaction of the nitrogen element in
both NO2 and NH3 gas molecules, when they get adsorbed on H-PNS and F-PNS, is found to be more
favourable on interaction sites. Later, the average HOMO-LUMO gap changes are found to be relatively
higher than the other interaction sites. Moreover, phosphorene base material is observed to have a good
Table 2. NBO charge transfer, HOMO-LUMO gap, adsorption energy and average HOMO-LUMO gap
changes of phosphorene nanosheets.
Phosphorene nanostructures
DFT Ead (eV) D-DFT Ead (eV) Q (e) EHOMO EFL (eV) ELUMO Eg (eV) Eag %and orientation
Hydrogenated phosphorene − − − −5.83 −4.51 −3.19 2.64 −
nanosheet
A −2.18 −2.213 0.405 −4.43 −3.73 −3.03 1.40 46.97
B −2.18 −2.207 0.140 −5.66 −4.38 −3.10 2.56 3.03
C −1.36 −1.401 −0.322 −5.38 −4.27 −3.16 2.22 15.91
D −1.90 −1.989 −0.359 −5.56 −8.195 −7.26 2.46 6.82
Fluorinated phosphorene − − − −7.37 −6.08 −4.79 2.58 −
nanosheet
E −2.18 −2.222 0.427 −5.94 −5.28 −4.62 1.32 48.84
F −2.45 −2.500 0.172 −7.14 −5.915 −4.69 2.45 5.04
G −1.63 −1.658 −0.295 −6.89 −5.79 −4.69 2.20 14.73
H −2.18 −2.197 −0.302 −7.02 −5.845 −4.67 2.35 8.91
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response and to be sensitive to N-based hazardous gas molecules [25], which is also validated with the
proposed work.
The transfer of electrons between NH3 or NO2 gas molecules and PNS can be described in terms of
NBO analysis (Q) [51–53]. As we know, the positive magnitude of NBO charge transfer represents the
electrons that get transmitted from target NH3/NO2 molecules to PNS; whereas the negative magnitude of
NBO charge refers the electrons moving from PNS to NH3/NO2 gases [54–56]. The obtained NBO charge
values of H-PNS for the interaction sites A to D is found to be 0.405e, 0.14e, −0.322e and −0.359e,
respectively. In the case of fluorinated PNS for orientations E to H, the corresponding NBO charges are
recorded to be 0.427e, 0.172e, −0.295e and −0.302e. As a result, it is inferred that the negative value of
NBO charge is noticed upon the interaction of NO2 gas on PNS, and the positive value of NBO charge is
obtained when the NH3 molecules get adsorbed on PNS [50]. The highest HOMO-LUMO gap changes
are obtained for the interaction sites A and E including the high positive magnitude of NBO charge
transfer. By contrast, interaction sites B and F have a low positive magnitude of NBO charge transfer with
minimum HOMO-LUMO gap changes, even though the corresponding adsorption energy is recorded to
 
Figure 13. (Colour online) HOMO-LUMO conception and density of states spectrum orientation A.
 
Figure 14. (Colour online) HOMO-LUMO conception and density of states spectrum orientation B.
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be high. In the case of orientations C and G, a low negative magnitude of NBO charge is obtained, which
shows a gradual increase in the average band gap variation. However, high HOMO-LUMO gap deviation
is observed for the interaction sites D and H with the low negative magnitude of NBO charge. Thus, it can
be concluded that the interaction of hydrogen/oxygen atoms in NH3/NO2 gas molecules on PNS is not
favourable. Nevertheless, the electronic properties of phosphorene can be modified with the passivation
of hydrogen and fluorine atoms in PNS. Besides, fluorinated PNS shows a significant deviation in the
HOMO-LUMO gap, when NH3 or NO2 molecules interact on the phosphorene base material. Moreover,
the electronic configuration of fluorine influences the adsorption characteristics of PNS. Figures 13–20
refer to the pictorial representation of the HOMO-LUMO gap and DOS-spectrum for the interaction sites
A–H. As a result, it is observed from DOS-spectrum that more peak maxima are shifted to LUMO level
for PNS. This confirms that the free electrons can easily traverse between NH3/NO2 gas molecules and
phosphorene base material, which is an optimum condition for chemical nanosensor.
Furthermore, alpha (α) and beta (β) orbitals appear in DOS spectrum, which arose owing to the
 
Figure 15. (Colour online) HOMO-LUMO conception and density of states spectrum orientation C.
 
Figure 16. (Colour online) HOMO-LUMO conception and density of states spectrum orientation D.
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Figure 17. (Colour online) HOMO-LUMO conception and density of states spectrum orientation E.
 
Figure 18. (Colour online) HOMO-LUMO conception and density of states spectrum orientation F.
interaction of NO2 gas molecules on both hydrogenated and fluorinated PNS. However, there are no
beta or alpha orbitals noticed in isolated PNS. This infers that the interaction of nitrogen dioxide gas
molecules on PNS leads to an orbital overlapping of P atoms with NO2 gas, which causes a decrease of
HOMO-LUMO gap in PNS. By contrast, the α- and β-orbitals are not observed upon the adsorption of
NH3 molecules on PNS. This is also governed by the orbital overlying of NH3 and P atoms. The outcome
of DOS-spectrum of H-PNS and F-PNS strongly supports the interaction of nitrogen-based gas molecules
on the phosphorene material. Figure 21 schematically represents NO2/NH3 adsorption on H-PNS and
F-PNS, and NBO charge transfer upon adsorption.
Besides, the suitable interaction site of NH3/NO2 gas molecules on PNS can be determined only
after exploring the NBO charge transfer, average HOMO-LUMO gap changes, adsorption energy and
HOMO-LUMO gap.
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Figure 19. (Colour online) HOMO-LUMO conception and density of states spectrum orientation G.
 
Figure 20. (Colour online) HOMO-LUMO conception and density of states spectrum orientation H.
4. Conclusion
To conclude, the interaction behaviour of NO2 and NH3 molecules on PNS is investigated with the
first-principles calculation. The geometric stability of PNS improves with the passivation of hydrogen
and fluorine. The stability of the PNS system is verified by the formation energy. The results reveal that
the fluorine passivated PNS is relatively more stable than hydrogen passivated PNS. The adsorption of
NO2 and NH3 gas molecules on PNS is explored with the significant parameters including NBO charge
transfer, adsorption energy, and average HOMO-LUMO gap changes. The strong adsorption sites of these
molecules are verified by their electronic properties of the base PNS system upon the interaction of NO2
and NH3. The DOS-spectrum validates the charge transfer between these gas molecules and PNS. The
overall results recommend that the PNS can be effectively utilized as a chemical sensor for NO2 and NH3
molecules.
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Figure 21. (Colour online) Schematic illustration ofNO2/NH3 adsorption on hydrogenated and fluorinated
phosphorene nanosheet and NBO charge transfer.
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Investigation on phosphorene nanosheet
Вивчення взаємодiї молекул газiв двоокису азоту та
амонiяку на фосфореновому нанолистi— дослiдження
методом функцiоналу густини
В. Нагараджан, Р. Чандiрамулi
Школа електротехнiки та електронiки, Академiя мистецтв, наукових i технологiчних дослiджень Шанмуга
(унiверситет SASTRA), Танджавур, Тамiл-Наду— 613 401, Iндiя
Адсорбцiйнi характеристики небезпечних газових молекул, а саме двоокису вуглецю (NO2) та амонiяку(NH3), на фосфореновому нанолистi дослiджено з допомогою ab initio методики. Для покращення стру-ктурної мiцностi первинного нанолиста, ми здiйснили пасивацiю водню i фтору на кiнцевому ребрi. Стру-
ктурну мiцнiсть пасивованого воднем i фтором фосфоренового листа перевiрено з огляду на формування
енергiї. Основною метою даної роботи є дослiдити гази NO2 i NH3, використовуючи фосфореновий нано-лист в якостi базового сенсорного матерiалу. Адсорбцiю рiзноманiтних селективних адсобцiйних вузлiв
цих газових молекул дослiджено у вiдповiдностi до змiн середньої HOMO-LUMOщiлини, перенесення за-
ряду натуральний-зв’язок-орбiталь (NBO), HOMO-LUMOщiлини та енергiї адсорбцiї. Варто вiдзначити,що
знайдено вiд’ємне значення енергiї адсорбцiї пiсля адсорбцiї NO2 i NH3 на фосфореновому нанолистi, iвоно знаходиться в дiапазонi вiд−1.36 до−2.45 еВ. Результати даної роботи доводять,що гiдрогенiзова-
ний i фторований фосфореновий нанолист можна ефективно використовувати в якостi хiмiчного сенсора
молекул NO2 i NH3.
Ключовi слова: фосфорен, нанолист, адсорбцiя, NO2, NH3, енергiя формування
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